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We have developed a physical model for the spectral irradiance of 1kW tungsten halogen incandescent
lamps for the wavelength range 340–850nm. The model consists of the Planck’s radiation law, published
values for the emissivity of tungsten, and a residual spectral correction function taking into account un-
known factors of the lamp. The correction function was determined by measuring the spectra of a 1000W,
quartz-halogen, tungsten coiled filament (FEL) lamp at different temperatures. The new model was
tested with lamps of types FEL and 1000 W, 120 V quartz halogen (DXW). Comparisons with measure-
ments of two national standards laboratories indicate that the model can account for the spectral irra-
diance values of lamps with an agreement better than 1% throughout the spectral region studied. We
further demonstrate that the spectral irradiance of a lamp can be predicted with an expanded uncer-
tainty of 2.6% if the color temperature and illuminance values for the lamp are known with expanded
uncertainties of 20K and 2%, respectively. In addition, it is suggested that the spectral irradiance may be
derived from resistance measurements of the filament with lamp on and off. © 2010 Optical Society
of America

OCIS codes: 120.3940, 120.5630.

1. Introduction

High-temperature blackbodies are used as radiation
sources in primary spectral irradiance scale realiza-
tions in several National Metrology Institutes
(NMIs) [1–4]. The emissivity of a blackbody is pre-
dictable and spectrally constant. It is thus possible
to extrapolate spectral irradiance values, measured
with, e.g., filter radiometers, to other wavelengths
using the Planck’s radiation law. One disadvantage
of high-temperature blackbodies is that they are
quite expensive and large, and may not be feasible
for smaller NMIs. Using detector-based methods,
the spectral irradiance scale can also be realized in
tungsten halogen incandescent lamps [5–8]. In con-
trast to black bodies, incandescent lamps are not per-
fect Planckian radiators. The spectra are affected by

spectrally varying emissivities. For extrapolation of
the spectral irradiance, knowledge of the spectral be-
havior of the lamp emissivity is required.

The lamp emissivity is mainly determined by the
emissivity of the tungsten filament. Emissivity of
tungsten has been measured and published by e.g.,
de Vos [9] and Larrabee [10]. The effective emissivity
of a lamp is further influenced by the transmittance
of the glass bulb, the absorption of the halogen or
other filling gas, and possible impurities of the fila-
ment. The emissivity of an incandescent tungsten
lamp is typically modeled using an Nth-degree poly-
nomial [5,7,11–13]. The degree N used typically var-
ies between 3 and 7. Polynomial emissivity models
require several spectral irradiance data points to
avoid oscillations between the wavelengths of the
measured points. Polynomial models cannot be used
for extrapolation. The modeled effective emissivities
of different lamp specimens are typically close to
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each other [13] and do not need to be modified due to
ageing of the lamp [14].
In this paper we present a physical model for the

lamp irradiance for the extended visible wavelength
region, 340–850nm. The model is based on the
Planck’s radiation law, published values for the emis-
sivity of tungsten [9] in polynomial form [15], and a
residual correction function taking into account un-
known factors of the lamp.
In Section 2, we present the details of the model. In

Section 3, we present the measurements conducted
to determine the residual correction function. We
first calibrate a spectroradiometer with a blackbody.
The spectra of a 1kW FEL lamp are then measured
at various temperatures, and a common solution for
the correction function explaining all measured spec-
tra is determined. In Section 4, the model is vali-
dated with measurement results of the Helsinki
University of Technology (TKK) and the National
Physical Laboratory (NPL) for several lamps of
types: 1000 W, quartz-halogen, tungsten coiled fila-
ment (FEL) and 1000 W, 120 V quartz halogen
(DXW). The uncertainty of the new model is dis-
cussed in Section 5. The final uncertainty consists
of the uncertainty of the spectral irradiance values
used and the additional uncertainty caused by extra-
polation with the model. We study how the latter is
influenced by the selection of the data points. In
Section 6, we study whether the spectral irradiance
of a lamp can be derived from its photometric and
electrical properties only. It turns out that, using
photometric properties, reasonable expanded uncer-
tainties of the order of 2% to 3% can be achieved. The
conclusions of this work are presented in Section 7.

2. Lamp Model

The spectral irradiance Eðλ;TÞ of an incandescent
lamp is modeled as

Eðλ;TÞ ¼ BðTÞεWðλ;TÞεΔðλÞ
2hc2

λ5
h
exp

�
hc
λkT

�
− 1

i ; ð1Þ

where λ is the wavelength in vacuum, T is the tem-
perature of the filament, εWðλ;TÞ is the emissivity of
tungsten, εΔðλÞ is the residual correction factor for
the emissivity of the lamp, h is the Planck constant,
c is the speed of light in vacuum, and k is the Boltz-
mann constant. For the spectral emissivity of tung-
sten ribbon, we use the emissivity determined by
de Vos [9] in polynomial form [15]. Parameter BðTÞ
is a geometrical factor and takes into account the
measurement distance and the dimensions of the fi-
lament. The irradiance levels and temperatures of
different lamp specimens vary, although the lamps
are operated with constant current or constant
power. Temperature affects BðTÞ only through ther-
mal expansion of the dimensions of the filament.
The residual correction factor, εΔðλÞ, accounts for

the effects of all factors in addition to the nominal
spectral emissivity of tungsten. These include the

transmittance of the quartz bulb, the transmittance
of the filling gas, the difference of the properties of
the tungsten used in the lamp filament and in the
nominal emissivity determination, and the light re-
cycling effect in the coiled filament [16,17].

We have chosen the data of de Vos for the nominal
emissivity of tungsten [9] because we know from ear-
lier experience that it is rather close to the emissivity
of the lamps we use. Furthermore, these data are
available in polynomial form [15]. The emissivity
in [9] has been determined using tungsten metal
in a strip form. In lamps of type FEL or DXW, the
filament is double-coiled. The light recycling in the
coil increases the effective emissivity of the filament,
especially in the IR region [16,17]. The emissivity of
tungsten may vary upon its physical preparation,
and other data sets in addition to [9] have been pub-
lished as well [18]. Using some other published va-
lues for the nominal emissivity of tungsten would
lead to a slightly different residual correction.

3. Measurement of the Residual Emissivity Correction

To determine εΔðλÞ, the spectra of a 1kW tungsten
halogen lamp were measured at different tempera-
tures in the wavelength range 340–850nm. Themea-
sured spectral irradiances of the lamp are shown in
Fig. 1. The different burning temperatures were ob-
tained by adjusting the operating current of the
lamp. The lamp was operated with 8.1, 7.5, 7, 6.5,
and 6A currents. The measurements were started
from the highest current, and the current was then
adjusted downward. After setting the operating cur-
rent, the lamp was allowed to stabilize for 30 min
before starting the measurement.

The lamp current wasmonitored with help of a pre-
cision resistor and a high-accuracy digital voltmeter.
The distance between the reference plane of the lamp
and the detector was 500mm. The measurements
were carried out using a Bentham DTMc300 spectro-
radiometer with a fiber and diffuser as the sensing
head and a photomultiplier tube as the sensing
element. The spectroradiometer was calibrated by

Fig. 1. Measured spectral irradiances of the lamp at different
operating currents.
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measuring a blackbody operated at 1770K. The
blackbody was used in the calibration in order to ob-
tain a reference spectrum with constant emissivity
close to unity.
The temperature of the lamp filament at each cur-

rent level was first obtained by fitting parameter T in
Eq. (1), with εΔðλÞ ¼ 1. The factor BðTÞ was modeled
as

BðTÞ ¼ B0½1þ bðTÞ�; ð2Þ

where B0 is a geometrical factor and bðTÞ is the re-
lative correction for the thermal expansion of the fi-
lament. Factor B0 was assumed to be constant and
was determined at the current of 7:0A. Thermal
expansion was calculated with respect to these con-
ditions. Equations for calculating the thermal expan-
sion of tungsten at high temperatures were taken
from [19,20]. To simplify the calculation of BðTÞ in
the limited temperature range, the correction bðTÞ
was approximated to be linear between the highest
and lowest obtained temperatures, as

bðTÞ ¼ 0:000016K−1ðT − T0Þ; ð3Þ

where T0 ¼ 2770K is the approximate midpoint of
the temperature interval. The maximum of jbðTÞj
was 0.0044 for the current of 8:1A.
The correction function εΔðλÞ was calculated from

the measured spectral irradiances Emeas in Fig. 1 and
the temperatures obtained, as

εΔðλÞ ¼
Emeasðλ;TÞ

Lðλ;TÞεWðλ;TÞBðTÞ ; ð4Þ

where Lðλ;TÞ is the blackbody radiance. An eighth
degree polynomial was fitted to the average of the
correction functions, and it was taken into use as
the new εΔðλÞ. The fitting of T in Eq. (1) and the cal-
culation of εΔðλÞ was repeated twice. In the two last
iterations, the values of T and εΔðλÞ did not change by
more than 0.001% and 0.01%, respectively.
The final correction functions and the eighth de-

gree polynomial fit are shown in Fig. 2. The absolute
level of the correction is determined by factor B0, and
only the spectral shape of the correction functions is
significant in Fig. 2. We have therefore chosen to nor-
malize the data so that their average is unity. As can
be seen, the spectral shape of the correction function
is almost the same for all currents, which indicates
that the model has converged to a physical solution.
The magnitude of the correction required is �2:5%.
It appears as if something would absorb visible ra-

diation. The spectral shape of the residual correction
cannot be explained by the transmittance of the
quartz bulb. The absorption effect might be due to
the filling gas, which is presumably a mixture of bro-
mium, chlorine, phosphorus, and hydrocarbons. An
absorption maximum in the mid-visible wavelength
range has been reported for iodine, sometimes used
as filling gas [21]. The other halogen gases may ab-

sorb the visible radiation in a similar manner.
Another factor contributing to the spectral shape
is the light recycling in the filament [16,17], which
increases the emissivity. The tungsten of which the
filament has been coiled might also have different
surface properties as compared with the tungsten
that de Vos [9] used in his measurements.

The final temperatures corresponding to the differ-
ent operating currents, and the voltages measured
over the lamp during operation, are given in Table 1.
The coefficients of the eighth degree polynomial of
εΔðλÞ are listed in Table 2.

4. Verification Measurements

After fixing the εΔðλÞ function, the model presented
has only two free parameters, B0 and T. The realiza-
tion of a spectral irradiance scale could thus be car-
ried out using a minimum of two measurements of a
lamp. In practice, it is preferable to use data at three
wavelengths in order to reveal possible errors in
measurements. One point could be selected from
each of the red, green, and blue wavelength regions.

A. Tests with Helsinki University of Technology Calibrated
Lamps

The model was tested with four incandescent lamps
of type FEL and four of type DXW calibrated earlier
by TKK. Filter radiometer measurements at wave-

Fig. 2. Residual corrections, after the spectral irradiances mea-
sured at different operating currents have been divided by the
blackbody radiance and the emissivity of tungsten. The residual
corrections have been normalized in such a way that their average
is 1. The solid line is an eighth degree polynomial fitted to the aver-
age of the residual corrections.

Table 1. Operating Currents, Corresponding Voltages,
and Final Burning Temperatures of an FEL Lamp

Current=A Voltage=V Temperature=K

8.1000 109.55 3045.9
7.5000 95.92 2895.8
7.0000 84.33 2766.7
6.5000 73.76 2635.4
6.0000 63.83 2501.4
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lengths of 380, 570, and 800nm were used to deter-
mine parameters T and B0.
The test results are presented in Figs. 3 and 4. The

agreement is within �0:71% for the FEL lamps, the
standard deviation being 0.35%. The corresponding
values for the DXW lamps are �0:83% and 0.40%.
As can be seen, the interpolated values are well
within the expanded uncertainties of the TKK cali-
bration. The spectral structure of the difference is si-
milar for both FEL and DXW lamps, and it is caused
mainly by the seventh degree interpolation polyno-
mial used in the earlier calibrations [7]. The relative-
ly high degree of the polynomial causes oscillation
within uncertainties that has been noted in several
intercomparisons, e.g., CCPR-K1.a [22]. When using
the new model, this structure relative to the true
spectral irradiance should be smaller. The uncer-
tainty of the calibration is somewhat larger for the
DXW lamps than for the FEL lamps because the
calibrations have been carried out using slightly dif-
ferent measurement setups. The discontinuity point
at 760nm is due to a discontinuity in the polynomial
model of the emissivity of tungsten [15].

B. Tests with National Physical Laboratory Calibrated
Lamps

Two of the FEL lamps have also been calibrated by
NPL as part of the international key comparison

CCPR-K1.a [22]. The spectral irradiance values at
wavelengths 380, 555, and 800nmwere used for test-
ing the model. The deviation between the spectral
irradiance values obtained with the model and the
NPL calibration is presented in Fig. 5. The agree-
ment of the newmodel is within�1:0%, and the stan-
dard deviation is 0.29%.

5. Uncertainty of the Model

The uncertainty budget of the model of Eq. (1) is pre-
sented in Table 3. The uncertainty of the model con-
sists of three basic types of uncertainties: the
uncertainty of the spectral irradiance measurement,
the deviation of the polynomial model of εΔðλÞ from
the measured values, and the uncertainty due to
the selection of the measurement points. At TKK,
the expanded uncertainty (k ¼ 2) of the spectral irra-
diance varies between 1.4% and 0.7% [7]. The corre-
sponding uncertainty at NPL is between 1.2% and
0.32% [22]. The uncertainty of the εΔðλÞ model is
calculated as the standard deviation between the

Table 2. Coefficients for the Eighth Degree
Polynomial Modeling the Residual Emissivity

Coefficient

c8 1:6701 × 104 μm−8

c7 −8:1549 × 104 μm−7

c6 1:7210 × 105 μm−6

c5 −2:0490 × 105 μm−5

c4 1:5044 × 105 μm−4

c3 −6:9719 × 104 μm−3

c2 1:9906 × 104 μm−2

c1 −3:2007 × 103 μm−1

c0 2:2290 × 102

Fig. 3. Deviation of the modeled spectral irradiances from earlier
TKK calibrations for four FEL type lamps. The dashed lines repre-
sent the expanded uncertainties of the calibration of the lamps.

Fig. 4. Deviation of the modeled spectral irradiances from earlier
TKK calibrations for four DXW type lamps. The dashed lines re-
present the expanded uncertainties of the calibration of the lamps.

Fig. 5. Deviation between the model and the NPL calibrations.
The dashed lines represent the expanded uncertainties of NPL.

10 February 2010 / Vol. 49, No. 5 / APPLIED OPTICS 883



determined correction functions and the fitted poly-
nomial. This component describes the uncertainty
due to spectral dependence of irradiance, and it is
independent on the selection of nominal spectral
emissivity of the tungsten filament.
To determine the uncertainty component related

to the selection of the measurement points, we tested
the model with five different combinations of results
at three wavelengths, and with ten combinations of
results at two wavelengths. The measurement points
were at the wavelengths of 366, 380, 440, 570, 700,
and 800nm. The points were chosen such that they
were from different regions of the visible spectrum:
one from the blue, one from the green, and one from
the red wavelength region. In the two-point combina-
tions, one of the regions was left out for each calcula-
tion. With three wavelengths, the relative standard
deviation between the different measurement point
combinations varied from 0.46% in the UV region
to 0.11% in the visible region and 0.22% in the
NIR region. With two wavelengths, the correspond-
ing standard deviations are 0.50%, 0.14%, and
0.26%. The results show that the model can also ex-
trapolate the spectral irradiance with reasonable un-
certainties outside the outermost filter radiometer
wavelengths.
The overall expanded uncertainties of the model

are between 0.93% and 2.03%. If this method is ap-
plied by another user, the uncertainties of the mea-
surement points with which the scale is realized at
the three wavelengths need to be taken into account.

6. Practical Applications

A. Determining the Spectral Irradiance Using Color
Temperature and Illuminance Values of a Lamp

The developed model can be used to determine the
spectral irradiance of a lamp using the color tem-
perature and illuminance values of the lamp. Color
temperature may be obtained, e.g., with a colori-
meter, or it may be known from the manufacturer’s
specifications or calibration certificate. Illuminance
may be measured with a luxmeter. To determine
the physical temperature of the tungsten filament
from the color temperature, the methods and equa-
tions presented in [23] can be applied.
The model was tested using the color temperature

known with an expanded uncertainty of 20K and a
measured illuminance value with an expanded un-
certainty of 2% to fix B0 and T for an FEL lamp.

The obtained spectrum was compared with the spec-
tral irradiance values measured as in Fig. 3. The
temperature and illuminance values were then
varied within their uncertainties to see how the dif-
ference behaves. Figure 6 shows the four extreme
conditions where T and B0 have been deflected to
their negative and positive standard uncertainties.
The expanded uncertainty of 20K in the color tem-
perature results in a standard deviation of 0.8% in
the spectral irradiance values. The 2% expanded un-
certainty in illuminance results in an uncertainty of
2% in the absolute level of the spectral irradiance.
With the uncertainty of the residual correction from
Table 3 included, the spectral irradiance of a lamp
may thus be obtained with an expanded uncertainty
of 2.6% from its color temperature and illuminance.

B. Determining the Spectral Irradiance from the Electrical
Properties of a Lamp

Finally, we consider determination of the physical
temperature of the lamp filament based on electrical
properties of the lamp. The resistance values of the
filament at room temperature and at the burning
temperature were measured. The temperature of
the filament may then be obtained from the known
temperature dependence of the resistance of tung-
sten [24–26]. With fixed filament temperature, the
spectral irradiance can be determined using an

Table 3. Uncertainty Budget of the Lamp Model

Wavelength/nm

Relative Uncertainty/%

340 380 440 570 700 800

Uncertainty of irradiance measurement 0.68 0.54 0.35 0.32 0.32 0.34
Spectral dependence of irradiance
(Standard deviation of the residual correction)

0.60 0.32 0.32 0.32 0.32 0.32

Selection of points, 3-point fit 0.46 0.35 0.23 0.11 0.17 0.22
Combined standard uncertainty 1.02 0.72 0.53 0.47 0.48 0.52
Expanded uncertainty (k ¼ 2) 2.03 1.44 1.05 0.93 0.97 1.03

Fig. 6. Deviation in the spectral irradiance values using a color
temperature with �10K deflection and an illuminance value with
�1% deflection from the nominal values.
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illuminance measurement and the model developed
as in Subsection 6.A.
The resistance of the FEL lamp filament was mea-

sured at the room temperature of 22 °C, using a four-
wire setup at measurement currents between 1 and
10mA. The resistance was Rð295KÞ ¼ 0:798Ω with
a standard uncertainty of 0:002Ω. The filament of
the studied lamp also included molybdenum stems.
We measured the resistance of the molybdenum
parts of a similar filament of a broken lamp. The
relative contribution of the molybdenum parts to
the room temperature resistance of the lamp, ð0:50�
0:25Þ%, is included in the resistance value above.
Spectral irradiance standard lamps are typically

operated with constant current, and the voltage over
the lamp is monitored. During the measurements,
the lamp current was recorded with a standard un-
certainty of 0:1mA, and the voltage with a standard
uncertainty of 0:05V. The resistance of the hot fila-
ment was obtained from the current and voltage
measurements with the lamp on (see Table 1). The
uncertainties in the current and voltage measure-
ments result in a standard uncertainty of 0:006Ω
in resistance. Figure 7 presents the ratio of the hot
resistance to the room temperature resistance,
scaled by T − 319K. The intercept temperature of
319K was selected for illustration purposes to re-
move the slope in the temperature dependence of
the resistance ratio. Corresponding data from
[24–26] are also shown in Fig. 7.
The relative standard uncertainty of 0.38% of our

resistance ratio is determined from the standard un-
certainties of the room temperature and hot filament
measurements. The standard uncertainty of the tem-
perature of the filament is 6K. This value was esti-
mated on the basis of uncertainties in Table 3: a
change of the ratio of irradiances at 340nm and
800nmby1.5% requires a 6K change in temperature.

As seen in Fig. 7, the data obtained from different
tungsten samples agree within expanded uncertain-
ties given in this work and in [25]. This is a quite
satisfactory result and encourages us to suggest a
method for spectral irradiance determination on
the basis of resistance and illuminance measure-
ments. In the temperature range of this study, the
temperature of the filament can be calculated from
the hot resistance RðTÞ and the room temperature
resistance Rð295KÞ as

T ¼ RðTÞ
0:0062K−1Rð295KÞ þ 319K: ð5Þ

If the data of this work in Fig. 7 can be confirmed for
a larger number of tungsten lamps, another user co-
uld measure the room temperature resistance and
burning resistance of his lamp and determine the
physical temperature of the filament by Eq. (5). With
known lamp temperature and illuminance, the mod-
el of Eq. (1) gives the spectral irradiance.

7. Conclusions

A physical model for 1kW tungsten halogen incan-
descent lamps of types FEL and DXW was developed
for the wavelength range 340–850nm. The model
consists of Planck’s radiation law, spectral emissivity
of tungsten, a geometrical factor, and a measured
spectral residual correction. The residual correction
function was determined by measuring the spectra of
an FEL lamp at different temperatures.

The model was tested with four lamps of type FEL
and four lamps of type DXW calibrated at TKK and
two FEL lamps calibrated by NPL. The model fol-
lowed the measured spectral irradiance points with
standard deviations of the order of 0.35%.

The model can be used to predict the spectral irra-
diance of an incandescent lamp between 340 and
850nm wavelengths from two measured spectral ir-
radiance values only. Use of three points with decent
wavelength separation is recommended to increase
the reliability. The model could be extended from
both of its endpoints: The lower end of our model
was limited to 340nm, because the polynomial forms
of the emissivity of tungsten given in [15] do not
reach lower wavelengths. Extension of the model
would require further evaluation of the tungsten
emissivity data published by de Vos [9]. In the UV
region, the polynomial representation for the emis-
sivity of tungsten could be extended toward lower
wavelengths. In the IR region, our measurements
were limited to 850nm due to the detector of the
spectroradiometer. Measurements could be extended
by using, e.g., an extended InGaAs detector.

We have shown that the known correction function
εΔðλÞ allows the spectral irradiance of a lamp to be
determined from the color temperature or even from
the electrical properties of the lamp. The absolute le-
vel may be determined using an illuminance mea-
surement. Expanded uncertainties of the order of
2% to 3% can be achieved, with typical measurement

Fig. 7. Ratio of the hot resistance to the room temperature resis-
tance, scaled by T − 319K. The resistance ratio was corrected for
the contribution of the weakly glowing stem by −0:25%. The uncer-
tainty of this correction is assumed to have a rectangular distribu-
tion with a full width of 0.5%. The uncertainty bars correspond to
the expanded uncertainties (k ¼ 2) of the resistance ratio and tem-
perature measurements.
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uncertainties of 20K and 2% for the color tempera-
ture and illuminance, respectively. In order to devel-
op a simple scale, it is suggested that the spectral
irradiance of a tungsten lamp can be determined
from the resistance and illuminance measurements.
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